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Abstract 
The shifts in the binding energy of core 
electrons detected by high resolution X-ray 
photoelectron spectroscopy are a very sensitive 
probe of the chemical bonding of the excited 
atom. Since the surface atoms have their 
geometrical environment perturbed, their core 
levels are shifted from their bulk positions. A 
very large number of experiments have been 
performed on the 4f core level positions of 
tantalum and tungsten for various orientations of 
the surface plane. Systematic trends have been 
put forward and explained by theoretical models. 
Furthermore, the analysis of the angular 
variation of the core level line intensities 
gives structural information when compared with 
theoretical calculations. In the case of W(lOO) a 
single scattering theory is sufficient to 
reproduce experimental data. Finally we show 
that, in some particular cases, the core level 
lineshapes may differ strongly from a Doniach 
Sunjic model. The temperature dependence of their 
widths due to core hole-phonon coupling can be 
reproduced within the independent boson theory. 
Key words Surface, Core levels, Transition 
metals, Photoemission, Many body effects, 
Electron diffraction, Single scattering, 
Synchrotron radiation, Tungsten, Tantalum. 
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Introduction 
It is well known that the core level X-ray 
photoelectron spectroscopy (XPS) is a very 
sensitive probe of the chemical environment of 
the atom which undergoes X-ray excitation. Such a 
method which is also known as Electron 
Spectroscopy for Chemical Analysis (ESCA) has 
been widely applied for the determination of the 
chemical structures of molecules and solid 
compounds. More recently, this technique has been 
used in surface physics. Indeed the surface atoms 
have their structural environment modified and 
therefore their core levels are shifted from 
their bulk positions. 
Such an effect has been first invoked by 
Citrin et al. (1978) to explain the presence of a 
shoulder in polycrystalline Au 4f core level 
spectra for grazing take-off angles using Al Ka 
radiation. However the first experiment showing 
an unambiguous distinction of surface core levels 
from the bulk ones was performed by Tran Minh Due 
et al. ( 1979) on W( 110) 4f levels using 
synchrotron radiation (see Fig. 1) which has 
unique capabilities high intensity and 
brightness, polarization, and a continuous broad 
range of photon energies which enables one to 
choose a photon energy corresponding to the lower 
1 imi t of the mean escape depth ( - 0. 5nm) where 
electron spectroscopy is the most sensitive to 
the first atomic layer of the solid. Three types 
of information are available from such 
experiments : (1) the binding energy shift of the 
surface level relative to the bulk one, (2) the 
variation of the intensity of the lines with the 
angle of observation and the photon energy 
(photoelectron diffraction PhD) and (3) the 
lineshapes of the levels. 
In principle, the crystallographic structure 
of the surface can be derived from the first two 
kinds of experiments. However, this knowledge 
requires theoretical calculations in order to 
check the validity of the assumed structural 
models. Finally, from the analysis of the 
1 ineshapes one can deduce the coup! ing of the 
core hole with various excitations of the solid. 
Since the first experiments on Au and W a very 
large number of investigations have been 
performed, mainly on the 4f core levels of 
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photoemission spectra and influence of 
contamination ("2, 0 2 } from Tran Minh Due et al. 
{1ITT9). All spectra have been obtained using 
p-polarization, with a photon energy h.t70eV. 
elements of the 5d transition series, for various 
orientations of the surface plane. There have 
been also similar experiments on semi-conductors 
(Eastman et al., 1980 ; Brennan et al., 1980) or 
rare-earth systems (Kaindl et al., 1983). 
However, we wi 11 1 imi t ourse 1 ves here to 
transition metals for which the three types of 
information have been analyzed. 
The next section is devoted to a theoretical 
and experimental study of the core level shifts 
of clean surfaces of transition metals. The third 
section deals with the corresponding results 
obtained using photoelectron diffraction. In the 
last section, we discuss the physical phenomena 
which determine the lineshapes. A special 
emphasis will be put on the influence of phonons 
and electron-hole pair creation. 
Study of surface core level shifts 
First, we briefly describe the microscopic 
model that we have developed (Desjonqueres et 
al., 1980) which gives not only the general 
trends but also the right order of magnitude of 
surface atom core level shifts. Then, we 
summarize the thermodynamical theory proposed by 
Johansson and Martensson {1980) and give the link 
between the two approaches. Finally, a detailed 
comparison of experimental results is given in 
the case of Wand Ta. 
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Microscopic model 
We adopt here the same approach as Williams 
and Lang {1978). The measured surface core level 
shift is given by : 
(1) 
where ES{B) (n ) · th t t 1 f the c 1s e o a energy o 
system (S = surface, B = bulk) considered as a 
function of the number of electrons (nc) in a 
particular core level. We expand these total 
energy differences into a Taylor series. Then 
8E(nc) 
taking into account~ = €c where €c is the 
C 
orbital eigenenergy, one finds: 
(2) 
where the first term is simply the variation of 
the orbital eigenenergies induced by the changes 
in configuration and chemical environment before 
the excitation of the core electron. The second 
term is the first correction to the Koopmann's 
theorem, i. e., takes into account correlation 
effects and the tendency of the remaining 
electrons to screen the final state hole. 
Correlation and relaxation effects are mainly due 
to the d electrons which are fairly localized and 
therefore should not be too sensitive to the 
presence of the surface {this is of course true 
for the intraatomic relaxation). Therefore, this 
second term can be neglected to a first 
approximation. 
On the other hand, one can show using simple 
electrostatic arguments, which are corroborated 
by more sophisticated calculations, that in 
transition metals the core levels almost rigidly 
follow the displacement of the valence d levels. 
A renormalized atom calculation shows that 
(Desjonqueres et al. 1980) : 
(3) 
where €:(B) is the center of gravity of the local 
d band for a surface {bulk) atom. These 
quantities are different since the creation of 
the surface suppresses some bonds. This gives rise 
to a charge rearrangement near the surface which 
subsequently modifies the potential of surface 
atoms. This problem has to be solved 
se 1 f-cons is tent ly. This has been done for 
schematic models {Allan 1978) and leads to very 
small charge transfers. Therefore, the 
modification of the atomic level of surface atoms 
is obtained with good accuracy by assuming strict 
local charge neutrality. 
The variation of ov1 along a transition 
series can be understood using a schematic 
symmetrical density of states narrower at the 
surface than in the bulk (see Fig. 2) due to the 
lower coordination of surface atoms. If the 
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center of gravity of the surfaced band coincides 
with the bulk one, there is an unphysical loss of 
charge in the first part of the transition series 
and an excess of charge in the second part. To 
recover charge neutrality, the center of gravity 
of the surface band has to be shifted downwards 
(Fig. 2a) or upwards (Fig. 2b) according to the 
a) bl 
Fig. 2. The broken (full} line represents a 
schematic bulk (surface} density of states. When 
the correction of surface potential is neglected 
there is a lack (Nd~ 5) (a}, or an excess (Nd~ 
5. (b}} of electrons (hatched area}. To recover 
quasi-charge neutrality. the center of gravity of 
the surface density of states must be shifted 
downwards in energy when Nd ~ 5, upwards when 
Nd~ 5. 
position of the Fermi level EF. The change of 
sign should occur for an exactly half filled band 
for symmetrical densities of states. 
In the real cases, more realistic densities 
of states should be used. They can be calculated 
in the tight-binding formal ism. In this scheme 
the eigenstates of energy En can be analyzed as a 
linear combination of the atomic d orbitals A 
centered on each site i 
a., (E } I iA > 
lA n (4a) 
i">,. 
and the local density of states (L!X)S) on each 
site is given by: 
ni(E)-~lni">,.(E)-~ l a7A(En)ai">,.(En)o(E-En) (4b} 
">,. ">,.,n 
The computation of ni">,.(E) does not require 
knowledge of all the eigenstates. It can be 
performed by using the continued fraction 
technique (Haydock et al. 1972, Gaspard and 
Cyrot-Lackmann 1973, Desjonqueres and 
Cyrot-Lackmann 1975a). The parameters of the 
problem are the energy levels and the hopping 
integrals. The latter are determined by 
interpolation schemes (Ehrenreich and Hodges 
1968) from band structure calculations. The bulk 
energy level is taken as the energy origin and 
the correction ov
1 
at the surface is determined 
self-consistently by assuming charge neutrality 
on each atom: 
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(5) 
where n is 
s 
the local density of states at the 
surface and Nd the number of electrons per atom 
in the d band. In Fig. 3 are exhibited the 
results for oV
1
/W (W bandwidth} for the more 
close-packed faces of bee and fee crystals 
(Desjonqueres and Cyrot-Lackmann 1975b}. As 
expected ov
1 
is negative in the beginning of the 
series and positive in the opposite case. Due to 
the slight asymmetry of the density of states, 

















Fig. 3. Variation of W (oV
1 
: correction of 
surface potential W d bandwidth) as a 
function of the filling Nd of the d-band for fee 
and bee surfaces. 
half-filled band, namely for Nd= 4.1 el/at for 
the bee structure. Therefore, in the 5d series 
case, this change of sign occurs between Ta (Nd~ 
3.5) and W (Nd ~ 4.6). Moreover loV
1 
I increases 
with the number of broken bonds. Let us point out 
however that correcting the d level for surface 
atoms only is a good approximation for close 
packed surfaces but, for more open surfaces, the 
perturbation due to the surface may extend to the 
first sublayers. The corresponding results for 
the three low index faces of Wand Ta are given 
in Fig. 4 (Guillot et al. 1985). 
Thermodynamic model 
Johansson and Martensson (1980) and 
Rosengren and Johansson (1980) have developed a 
completely different approach, based on 
thermodynamical arguments. The main assumptions 
of their model are the following : (1) the final 
state is fully screened which actually occurs in 
metals, and (2) the element of nuclear charge Z 
with a deep core hole is equivalent to an ion of 
nuclear charge (Z+l) (equivalent core 
approximation). 
Using these assumptions these authors 
introduce a Born Haber cycle shown in Fig. 5 
which connects the initial state with the final 
state of the core ionization process. From a 
M.C. Desjonqueres et al. 
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Fig. 4. Theoretical position of the XPS lines of the core level spectra for the three low index faces of 
Wand Ta. 
Z-metal one takes one atom which is core ionized. 
The corresponding energies are, respectively, the 
z 
cohesive energy Ecoh (taken as positive) and the 
binding energy~ of the core level in the free 
C 
atom. The core ionized Z-atom is equivalent to a 
valence ionized (Z + 1) atom which is neutralized 
by adding a valence electron which releases the 
· · · IZ+ 1 f Z 1 F ionization energy o a + -atom. rom a 
large number of such atoms one builds up the 
Z+l 
(Z + 1)-solid. This yields an energy Ecoh per 
atom. Finally, this solid is solved in a Z-metal 
Z+l 
which involves the energy E. (Z) per atom. The imp 
energy balance is finally the binding energy of 
the core level in the metal relative to the Fermi 
level 
(6) 
The same cycle for a surface atom leads to 
the same expression of the energy balance in 
which the cohesive energies should be replaced by 
f h . . (Ez surf EZ+l surf) sur ace co esive energies coh , coh 
and the dissolution energy becomes a surface 











__ z_m_et_a_l _ . ____ _ Jr;,---
Z metal 
with (Z+ 1) 
impurity 
Fig. 5. Born-Haber thermodynamical cycle for the 
calculation of the core level binding energy 
shift (from Johansson and Jlartensson 1980). 
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(7) 
The dissolution energy of an impurity in the 
bulk is known to be small and its variation when 
going from the bulk to the surface is expected to 
be still smaller so that we can drop it in Eq. 7. 
Finally the difference in cohesive energy between 
a bulk and a surface atom is the variation of 
energy per surface atom induced by the surface: 























This theory gives results in good agreement 
with the previous microscopic model. This is not 
very surprising since it can be shown that : 
BEZ 
s 
~ ""' - 1. 1 AV 1 (9) 
Finally these theories can be extended to 
semi-conductor surfaces. 
Experiments 
The most obvious experimental check of the 
trends put forward by the theory is the 






Binding energy (eV) 
Fig. 6. Decomposition of 4£7/ 2 spectra of low index faces of Wand Ta into Doniach-Sunjic lineshapes. Sp 
is the peak associated with the p th layer (p = 1 : surface) and Bis the bulk peak. The curves are taken 
from Guillot et al. (1985) for the (100) and (110) surfaces and from Van der Veen et al. (1981) for the 
(111) surfaces. 
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since these two metals have the same bee 
structures and only differ by their d-band 
filling. The corresponding spectra obtained at 
LURE (Orsay) for the (110) and (100) faces (Tran 
Minh Due et al. 1979, Guillot et al. 1982, 1984b, 
1985) and from Van der Veen et al. (1981) for the 
(111) face are exhibited in Fig. 6. After 
subtracting the background the original core 
level spectrum is deconvoluted into different 
components which are assumed to have a 
Doniach-Sunjic lineshape, convoluted with a 
Gaussian instrumental function, using a least 
mean square fitting procedure. A large number of 
spectra (with different electron take-off angles 
and photon energies) were then analyzed using 
this procedure. The excellent consistency of the 
parameters determined in each spectrum is a 
justification of their validity. When the peaks 
are not we 11 reso 1 ved, one can use the 
chemisorption effect which, by shifting the 
surface peak (most often towards higher binding 
energies), helps to isolate the bulk peak. 
The comparison between Figs. 4 and 6 shows 
that the theoretical systematic trends are well 
obeyed experimentally, in particular, for the 
change of sign between Ta and W, the existence of 
sublayer peaks for open surfaces and the 
respective order of magnitudes of all the shifts. 
However, the case of Ta(lll) exhibits some 
problems. Actually, the experimental shift is 
surprisingly small, which is difficult to 
understand even qualitatively. A realistic 
interplanar relaxation is not sufficient to 
remove this discrepancy. Moreover, there is no 
experimental evidence of a third layer level 





Fig. 7. Atomic displacements for the 
lateral-shift model of the reconstruction of 
{ 
O+: atoms of the surface layer 
W(lOO) 
atoms of the first underlayer. 
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are not experimentally resolved. Let us 
that very recently Jupille et al (1987) 





Concerning the (100) face, the differences 
can be largely decreased by the introduction of 
more subtle effects such as interplanar surface 
relaxation and spin-orbit coupling in the 
theoretical model (Treglia et al. 1985). For 
example, a large contraction (11 %) of the first 
interlayer spacing has been measured by Titov and 
Moritz (1982) for Ta(lOO). Taking into account 
this modification in the calculation leads to a 
slight broadening of the surface density of 
states which compensates somewhat for the 
narrowing due to the broken bonds and therefore 
reduces the surface core level shift. On the 
other hand, the spin-orbit coupling term induces 
a small broadening of the LIX)S, this effect being 
relatively more important for surface atoms than 
for bulk ones, which decreases the surface core 
level shift. The final result, including both 
relaxation and spin-orbit coupling effects, are 
in very good agreement with the experimental 
results. 
We have shown that the microscopic theory 
accounts for the surface core level shifts 
observed on clean low index surfaces. In this 
theory, we can relate each geometrical 
environment of an atom to its core level binding 
energy. Therefore, surface core level 
spectroscopy allows us to sensitively follow 
surface structure modifications such as 
reconstructions. More precisely, it provides us 
with a means to check the validity of structural 
models proposed from other experimental 
techniques, and possibly to discard some of them. 
As an example we wi 11 show what surface core 
level spectroscopy may bring to the understanding 
of the famous W(lOO) reconstruction. Actually, it 
has been unambiguously shown that this surface 
reconstructs when cooled below room temperature : 
a c(2 x 2) diffraction pattern was observed in a 
LEED (low energy electron diffraction) experiment 
(Yonehara and Schmidt 1971). The most commonly 
accepted model (Debe and King 1979) suggests an 
alternate lateral displacement of surface atoms 
in the < 11 > direction (see Fig. 7). However, 
the experimental surface core level shifts 
observed on this reconstructed surface by Guillot 
et al. (1984a) can only be explained by the 
theory if the displacements of atoms are not 
limited to the surface, as shown in Fig. 7 
(Legrand et al. 1986). 
Finally, let us point out that this 
technique is not 1 imi ted to clean surface 
studies. Actually, the presence of foreign atoms 
adsorbed on the surface obviously modifies the 
chemical environment of the neighbouring surface 
atoms leading to additional core level lines. 
Surface core level spectroscopy is thus also a 
powerful tool for the study of chemisorption. For 
further details on this last point, the reader is 
referred to Treglia et al. ( 1981) and Spanjaard 
et al (1985). 
Surface Core Level Spectroscopy 
Photoelectron diffraction 
We have just seen that one can extract 
structural information from the energy position 
of the core lines. The same can be done also by 
means of the analysis of angular variation of 
their intensities. It is the aim of 
photodiffraction in which the modulation of the 
photoelectron current is studied as a function of 
the electron kinetic energy and emergence angles 
(angular anisotropy). 
Actually, photodiffraction is due to 
interferences between the direct and scattered 
beams of electrons propagating towards the 
analyser. Therefore, modulation of the 
photocurrent intensity with the polar angle 0k, 
azimuthal angle ~k and photon energy hv, can be 
expected. Such anisotropy should differ for the 
emission of surface and bulk atoms due to the 
modification of their environments. 
The expression of the photocurrent is : 
where p is the momentum operator, A the vector 
potential of the electromagnetic field and ~~EED 
is the time reversed wave function corresponding 
to an outgoing plane wave propagating towards the 
detector. It is clear that a precise 
determination of the surface geometry requires a 
LEED type calculation. An attempt has been made 
in the case of the {110) face of W {Tran Minh Due 
et al. 1980). Nevertheless, the agreement between 
experimental and calculated curves, although 
satisfactory for bulk atoms is not really 
convincing for the surface ones contrary to the 
case of adsorbates in which good agreement is 
obtained (Liebsch 1976, Kevan 1980). It must be 
emphasized also that such calculations are very 
time consuming, thus limiting the general 
usefulness of this approach. This situation has 
led to interest in developing simpler methods for 
extracting structural information from 
photodiffraction. For example, one can wonder to 
what extent a single plane wave scattering 
approximation can account for the observed 
spectra. This theory has been developed by Kono 
et al. {1978) in the particular case of an 
initial s state. Within this assumption, the 
photocurrent is written: 
{11) 
where E, k and R. are, respectively, the unitary 
J 
vectors in the direction of polarization, 
observation and from the emitter to a scatterer 
at distance R.. 8. is the diffusion angle and 
J J 
f .(8.) the scattering factor. This formula, which 
J J 
is strictly valid for a spherically symmetrical 
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initial state, assumes in addition that the 
primary photoelectron wave can be approximated by 
a plane wave at the time it reaches the scatterer 
("small atom" approximation}. The inelastic 
effect can be introduced as an isotropic 
attenuation of electronic intensity due to finite 
1 
electron mean free path 2 ~ and the thermal 
vibrations can be taken into account via a Debye 
Waller factor W = exp - 2k 2 {1 - cos 8.) < u~ > 
J J 
where< u~ > is the one dimensional mean squared 
J 
displacement of the j
th 
atom with respect to the 
emitter (Mc Donnell et al. 1975) 
where L(L.) is the distance from emitter to the 
J 
surface {via} the j
th 
scatterer. Kono et al. 
{1980) assumed that the same formula could be 
used in treating emission from filled {Cup) core 
levels, arguing that the summation over all 
orbitals in the subshells yields a spherically 
symmetric charge distribution. 
In a first step, we have applied the same 
assumption to the 4f levels of W (Sebilleau et 
al. 1987a). The scattering factors have been 
calculated from the potential of Christensen and 
Feuerbacher ( 1974) which is assumed to be the 
same for bulk and surface atoms. Finally the 
surface potential barrier between vacuum and bulk 
is taken into account by allowing a slight 
refraction effect. In practice, due to the mean 
free path attenuation(~~~ 5 A), only relatively 
small clusters are needed in the calculation 
{about 30 atoms). Let us recall that 
experimentally, we can separate surface and bulk 
emission (surface core level shift}. Therefore, 
it is interesting to calculate I(k) for emission 
at the surface and in the bulk. The corresponding 
results are shown in Fig. 8 where they are 
compared to the experimental data that we have 
obtained for W{lOO}. In both cases we have taken 
hv = 65 eV, 8k = 30° and SE (polarization polar 
angle) = 22°5, the directions of observation and 
polarization being in the incident plane. The 
agreement is excellent for the total and bulk 
emission patterns and remains reasonable for the 
surface emission. Actually in the latter case, 
neither theory nor experiments exhibit a 
pronounced anisotropy. On the other hand there 
exists some uncertainty in the kinetic energy due 
to the slight inaccuracy on the inner potential. 
Therefore, we have checked that the patterns do 
not change markedly for a leV kinetic energy 
change. The modification is only discernible for 
surface emission in which case it remains 
nevertheless small (see Fig. 8c'). For bulk and 
total emission, one observes lobes pointing 
M.C. Desjonqueres et al. 
towards the projection onto the surface of the 
first and second nearest neighbour directions. 
This is similar to the focusing effect already 
discussed by Poon and Tong (1984). The 
intensities of these lobes are due to 
interference effects which can be destructive or 
constructive according to the wave vector of the 
photoelectron and therefore their relative 
intensities may vary drastically when the energy 
is scanned over a broad range. The results of the 
calculation are not significantly modified when a 
realistic relaxation of the surface (5 %) is 
ta.ken into account. One can also wonder to what 
extent Eq. (12), which is strictly valid only for 
spherical initial state, can be applied to 4£ 
states. Actually the case of a non spherical 
initial state has been treated rigorously by 
(01) 




Fig. 8. Polar plots of the experimental (a. b, c} 
and theoretical (a".b".c"} azimuthal dependences 
of W{OOI} 4£
7
/2 core photoelectron intensities 
for the total (a. a') bulk {b.b"} and surface 
(c.c"} emissions. The full curves in a•. b". c· 
have been obtained for an energy of 45 eV 
relative to the .aiffin-tin zero. corresponding to 
the experimental photon energy. In Fig. Sc". the 
dotted line represents the surface emission for 
an energy of 43.5 eV in order to show its 
sensitivity to energy. 
In the inset are shown the raw data for the total 
emission. 
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Fujikawa (1985). We are currently doing some work 
in this direction. Preliminary results for W(lOO) 
show that the spherical initial state 
approximation is a good one. 
As a conclusion of this section, we have 
shown that, for a clean surface, it is possible 
experimentally, thanks to surface core level 
shifts, to study separately the azimuthal 
anisotropy of the surface and bulk 4f emission. 
Moreover, the azimuthal patterns calculated in 
the framework of a single scattering theory, show 
very good agreement with experimental results 
even for kinetic energies as low as~ 30 eV for 
which it was commonly admitted that multiple 
scattering effects should be ta.ken into account. 
The simplicity of such calculations opens up many 
interesting fields in surface studies in 
particular, one can investigate other faces of 
other metals or semiconductors, reconstructed or 
not, with or without adsorbates. 
Study of lineshapes 
Let us now discuss the physical phenomena 
which give rise to the lineshape. Indeed, in a 
one electron model, the intensity of the X-ray 
photoemission spectrum for an inner-state of a 
metal may be described by a delta function 
I « I < r I H. I i > 12 o(E
1
. + nw - Er) 
int 
where Hint is the coupling of the electron with 
the photon, ID (<f I) is 
state of the metal with the 
the initial (final) 
energy Ei (Ef) and nw 
is the photon energy. Since the core hole can be 
refilled by an Auger transition or by a radiative 
transition, it has a final life-time. This 
life-time induces, due to the Heisenberg 
uncertainty relationship, a broadening in energy 
which has a Lorentzian shape. One can show that 
this broadening increases when going to the end 
of the series (Mc Guire, 1974). 
On the other hand, upon the creation in a 
metal of the photoelectron and the core hole by 
the photon, the surrounding conduction electrons 
rearrange themselves in order to screen this 
charge. This rearrangement produces excitations 
such as electron-hole pairs and plasmons. Let us 
first briefly discuss the plasmon formation. This 
formation is two-fold: plasmons can be created, 
first by the sudden switch on of the potential 
due to the dipole formed by the core hole and the 
photoelectron, next by the photoelectron during 
its way towards the surface if its kinetic energy 
is sufficient. Let us discuss the former effect. 
When the velocity v of the photoelectron is small 
C,J 
(v « _..E. : w 
~F P 
plasmon frequency, 
Thomas-Fermi wave vector), the Fermi sea reacts 
adiabatically to the slow appearance of the 
dipole hole-photoelectron and there is no 
creation of plasmons (adiabatic limit). In the 
opposite limit (sudden limit), a large number of 
plasmons is excited giving rise to satellites 
separated by nw on the low energy side of the 
p 
core lines. The losses due to the second 
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mechanism add to the intensity of the plasmon 
satellites {Chang and Langreth 1972, Noguera and 
Friedel 1982}. 
Let us now consider the electron-hole pairs. 
Identically to what occurs in plasmon formation, 
electron hole pairs are created, first by the 
removal of the core electron, then by the 
photoelectron on its way towards the surface. 
Since this last excitation gives rise to 
secondary electrons we will limit ourselves to a 
discussion of the former. In metals for a given 
photoelectron velocity, there are always some 
electron-hole pairs excited with sufficiently low 
energy hwe-h such that we-h << ~Fv. These 
excited states see the switching on as sudden. 
These electron hole pairs give rise to a low 
energy tail in the loss spectrum, which will be 
discussed in further detail below. The case of 
semiconductors is completely different since 
there are no electron hole pair excitations with 
an energy below a given threshold. 
The electron-phonon coupling also gives rise 
to a broadening of the lines. The creation of 
phonons may come from the relaxation of the 
nearby nuclei due to the sudden appearance of the 
hole and also from the photoelectron-phonon 
scattering on the photoelectron path inside the 
solid. This latter effect produces secondary 
electrons. Assuming that the lifetime of the hole 
is long compared to a typical phonon period, the 
former effect induces, at sufficiently high 
temperature, a Gaussian broadening which is 
temperature dependent. This will also be studied 
in the next section. 
Finally, when the coupling between the core 
hole and the partially filled d band is strong 
enough, a satellite appears on the higher binding 
energy side of the main line, due to electronic 
correlations {Kotani and Toyozawa 1973). 
Although surface plasmons have been the 
subject of many studies in the past {Lecante et 
al. 1977), only recently the broadening due to 
phonons and electron-hole pair formation has been 
studied for surface atoms (Sebilleau et al. 
1987 b} in the sudden approximation, which is 
justified in this case. To understand the common 
features between these two boson excitations we 
will first describe the Hopfield approach based 
on the displaced independent boson approximation 
at T = 0 K (Hopfield, 1969). 
Let us first consider the interaction of the 
core-hole with the phonons. Before the core-hole 
is created, the vibrational Hamiltonian in terms 
of phonon creation and annihilation operators for 





After the creation of the hole, assuming a 














, each oscillator reacts independently with a 
probability ~~ ] 2 of being excited to its first 
V 
excited state and with a probability 1 - ~~ r 
V 
of rema1n1ng in its ground state. The loss 
spectrum fv{E) is thus 
(15) 
The total loss spectrum is the convolution 
of all fv{E). It is then convenient to Fourier 
transform fv{E} since the convolution is simply 
changed into : 
{16) 
Since (Bv/hwv) is small, we can write 
(17) 
and the broadening due to phonons is obtained 
using an inverse Fourier transform. 
Actually, the displaced oscillator 
Hamiltonian can be solved exactly (Hedin 1974, 




which differs from eq. {17) by the term i h2w t. 
V 
This term, which does not exist in the Hopfield's 
approach, corresponds to the displacement in 
frequency of mode v, due to the coupling Bu. At 
finite temperature, the function f{t) is 
multiplied by : 
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At high temperature, the average number of 
excited phonons becomes very large and it can be 
shown that f(E) becomes a Gaussian distribution. 
In practice, this is true as soon as the 
temperature is not too low (Hedin and Rosengren 
1977). The centred second moment of this Gaussian 
is given by: 
{21) 
where g(w) is the phonon strength function 
g(w) (22) 
The calculation of this last quantity 
requires the lrnowledge of the phonon spectrum and 
of the coupling constants. The latter quantity is 
usually calculated using pseudo-potentials 
(Bergersen et al. 1971, Hedin and Rosengren 1977) 
which are not suited to transition metals. The 
simplest approximation is to replace Bu by an 
average value Bin (21) 
(23) 
in which n(w) is the local phonon density of 
states (LPDOS) at the site of the atom which 
undergoes the trans1t1on. This LPDOS can be 
easily calculated, even at the surface using a 
continued fraction technique {Treglia and 
Desjonqueres 1985). If one assumes that B does 
not vary at the surface, one can calculate it in 
the bulk, using an approach based on elasticity 
theory (Flynn 1976). Actually, as previously 
mentioned, in the equivalent core approximation 
one can replace the Z-atom with a core hole by a 
(Z + 1) impurity. Usually, this impurity does not 
have the same atomic radius as the matrix and 
induces a strain elastic field. It can be shown 
(Flynn, 1976) that in this case, the Hamiltonian 
reduces to a displaced oscillator one. This leads 
to a Gaussian broadening with: 
(24) 
N is the total number of atoms of mass M, q (;) 
V V 
is the wave (polarization) vector of mode v, a is 
the Poisson coefficient of the matrix, 0 its 
atomic volume and oV the volume change of the 
solid per impurity center. This quantity is 
calculated using special point techniques. It is 
then easy to derive B by identifying Eqs.(21) and 
(24). The corresponding broadenings, in the 
particular case of W and Ta, are plotted as a 
function of temperature for bulk and surface 
atoms, in Fig. 9. The most striking feature is 
that the phonon broadening is larger for Ta than 
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Fig. 9. Variations with temperature of the FWHN 
of t:he 4f lines for Wand Ta at the (100} surface 
(full line} and in the bulk {dot:ted line}. 
surface than in the bulk. On the other hand, its 
variation with temperature is more important for 
Ta (particularly at the surface) than for W. The 
differences between bulk and surface broadenings 
arise from the strong differences between the 
corresponding LPDOS. Actually, the existence of 
localized modes strongly enhances the weight of 
low frequency modes at the surface. 
Experimentally, there is no means to 
differentiate the experimental resolution from 
the phonon broadening since both are Gaussian. 
However, since the instrumental function is 
temperature independent, the variation with 
temperature of the Gaussian part of the spectrum 
can be attributed to phonons. The experiments 
have been performed for Ta at three 
temperatures: 77, 300 and 700 K. The 
corresponding variations are compared with 
theoretical predictions in Table 1. The same 
approaches can be used for semiconductors. 
Table 1 Variation of phonon broadening with 
temperature for Ta. 
300 K - 77 K 700 K - 300 K 
Experiment 
(± 20 meV) 50 meV 50 meV 
Theory 60 meV 60 meV 
The electron-hole pair creation can be 
analyzed starting from a Hamiltonian which is 
formally the same as in the phonon case, the 
coupling constant B being replaced by the 
potential due to the hole : V
0 
(assumed to be 
small). The loss spectrum is thus given by the 
convolution of excitation spectra of energy Ei 
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(Ei : energy of an electron-hole pair). 
(25) 
If one assumes that the density of states is 
almost constant around EF(cen(EF)), the 
corresponding electron-hole pair density is 
En 2 (EF). The Fourier transform of the convolution 
of eq. (25) is then written 
iEt iE't 
1 f h [ 2 2 fc --n dE'] ( f{E)~ e exp Y
0
n (EF)L (e -l)y, dt 26) 
-00 0 
where Ec is the cut-off energy of the 
electron-hole pair excitations. 
This expression has been derived more 
rigourously by Mahan {1975) leading to 
where (27) 
is the excitation spectrum of interacting pairs. 
In this expression, v, v' are the spin orbital 
indices and nu(E) the local density of states on 
the site of interest. Finally, Tvv is the 
scattering t-matrix due to the scattering of the 
core hole 
T = V (I - GY )-l 
0 0 
(28) 
where G is the unperturbed Green function of the 
d band. 
In practice, it is more convenient to 
replace {27) by the following integral equation 




The full lineshape is then obtained by 
convoluting the loss spectrum f{E) by the natural 
shape of the core line I
0 
(30) 
If one assumes that p(E) remains constant 
and equal to a {Anderson singularity index) and 
that I
0 
has a Lorentzian shape one recovers the 
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well-lmown Doniach Sunjic lineshape (Doniach and 
Sunj ic, 1970) : 
[ ~a E J f{l-a) cos 2 +{l -a)arctg{~) 
I{E)= {31) 
This lineshape, which is commonly used by 
experimentalists, is characterized by two 
parameters : a which gives the asymmetry of the 
line and ~ which is related to the width. 
However, in the case of transition metals, this 
lineshape may be somewhat approximate since the 
function p{E) may differ strongly from a constant 
value. The complete calculation of p{E) in the 
tight binding framework has been performed for W 
and Ta{lOO) (Sebilleau et al. 1987b). 
The corresponding densities of states 
assuming a strict charge neutrality at the 
surface are shown in Fig. (10 a, a). The elements 
of the V matrix are taken of the form : V 
0 0 
V o where V is determined 











0.20 lbl / \ I 
1" I 
I I 






0.10 I I \ \ 
\ 
\ 













' ' 0.0 
2 10. 12. 10. 12 
E teVI 
Fig. 10. a(a) : local density of d states at the 
(100) face (full line) and in the bulk (dotted 
line) for Ta (W). 
b(P) : excitation spectra p(E) at the (100) face 
(full line) and in the bulk {dotted line) for Ta 
(W). In the inset of p is shown the excitation 
spectrum for a model constant density of states 
(Wertheim and Walker, 1976). 
c(3) : intrinsic loss spectrum f{E) at the (100) 
face {full line) and in the bulk {dotted line) 
for Ta (W). 
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Fig. 11. Convolution of the intrinsic loss spectrum f{E) with a model Lorentzian function {of F1YHM = 
0.25 eV, see Wertheim and Walker 1976) for the bulk (B: hatched areas) and {100) face (S) of Ta (a) and 
W (b). For Ta, we have also plotted the sum of the two peaks (B + S). 




Arg det{I - GV )I = 1 (32) 
0 i;. 
Note that this condition is justified for 
low energy photoelectrons which are of interest 






0.79 {W bulk) ; 0.51 (W 100)) 
- 1. 22 {Ta bulk) 0.51 {Ta {100)). 
One remarks that the results obtained for 
bulk Ta strongly differ from the others. This is 
due to details in the xy and x2 -y 2 components of 
G in Eq. (32). The corresponding p{E) are given 
in Fig. 10 b(/3). Here also, the most striking 
feature is the behaviour of bulk Ta which 
drastically differs from the others, the latter 
being rather similar to the well-known shape (see 
inset Fig. 10 /3) obtained with a constant density 
of states. Consequently one expects a peculiar 
behaviour of f{E) for bulk Ta. Actually, one sees 
in Fig. 10 c that the loss spectrum of bulk Ta 
exhibits a kind of broad satellite on its high 
binding energy side whereas the three others are 
almost Doniach-Sunjic-like. 
Let us point out that the energy range of 
this satel 1 i te 1 ies within that of the Ta core 
level 1 ine. Consequently, if one decomposes the 
full experimental spectrum into perfect 
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Doniach-Sunj ic 1 ines. the presence of this 
satellite will lead to an overall estimation of 
the width and asymmetry of the surface lines (see 
Fig. 11 for the {100) face) whatever the surface 
under consideration. This is consistent with the 
experimental observations on the three low index 
faces of Ta (Guillot et al. 1985). 
Conclusions 
In conclusion, we can state that the binding 
energy shifts experienced by the core levels of 
clean surface atoms are now well understood even 
though some points remain to be clarified (s-d 
and charge transfer, electronic relaxation, 
etc... at the surface). Furthermore the 
experimental interpretation of the spectra 
requires the knowledge of the lineshapes. We have 
shown here that, in some particular cases (Ta), 
this lineshape may differ strongly from the 
Doniach-Sunjic one. In the case of surfaces with 
adsorbed species, surface core level shifts are 
only qualitatively understood and some work 
remains to be done in this field. Finally, 
photodiffraction experiments also give some very 
useful information on the symmetry of the system 
for clean surfaces and on the geometry of 
adsorption when adsorbates are present at the 
surface, which is backed up by simple model 
calculations. 
Compared to LEED, photoelectron diffraction 
has important advantages. It is less damaging, 
does not require long range order, and is 
atom-specific. Moreover, in LEED, multiple 
scattering cannot be neglected in the 
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calculations. Its disavantages are its more 
complicated experimental set-up, especially if 
synchrotron radiation is used. Another related 
method is the Surface Extended X-ray Absorption 
Fine Structure {SEXAFS). However the last method 
is not suited to clean surfaces since, even when 
the Auger emission is used, it is difficult to 
separate the surface signal from the bulk one. 
In view of this overall consistency between 
theory and experimental data, one can say that 
surface core level spectroscopy has become now a 
very useful tool for surface studies, 
complementary of the other surface sensitive 
techniques. 
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